Staphylococcus aureus killed during imipenem or ceftazidime chemotherapy in mice elicited an early release of tumor necrosis factor alpha (TNF-␣) into the systemic circulation. This response was coincident in time with an increase in leukocyte-endothelium adhesive interactions in the microvasculature. Equivalent responses were not observed without the antibiotic treatment (imipenem or ceftazidime). Protective efficacy of the same antibiotic treatment was markedly diminished in D-galactosamine-treated mice compared to controls; e.g., it dropped from 2,000-fold to 70-fold with 4 mg of imipenem per kg given at the time of challenge. Nevertheless, protection was quantitatively restored upon concurrent administration of neutralizing anti-TNF-␣ antibody or 4 mg of dexamethasone per kg to these TNF-␣-hypersensitive mice. Importantly, protection afforded by dexamethasone was not seen when the animals were challenged with viable organisms but without the concurrent administration of antibiotic. An early TNF-␣ response could also be demonstrated upon challenge with Escherichia coli, but in this instance, neither the timing nor the magnitude of that response was influenced by treatment with these antibiotics. We conclude from these studies that the inflammatory response to viable versus killed bacteria may differ markedly depending on the particular bacterium, host sensitivity to TNF-␣, and possibly the Gram stain classification.
A recognition that the killing of bacteria can trigger a potentially serious host inflammatory response dates back at least 100 years to the very early published studies of Jarisch (22) on the clinical consequences of mercury use to treat patients with syphilis. "Frapper fort ou frapper doucement" (to strike hard or to strike softly) was the way in which concern regarding the host inflammatory response to antibiotic treatment of sepsis due to gram-negative bacteria was succinctly stated in a 1978 editorial questioning whether antibiotic treatment had become too aggressive (4) . More recently, such concerns have been described in terms of a "therapeutic paradox" (32) . However, when increased morbidity and mortality appear to be associated with antibiotic treatment, it cannot be assumed that the latter is necessarily the source of the problem (29) . In this respect, there is currently little direct evidence that would link antibiotic chemotherapy and overall efficacy of various antibiotic strategies, while there is a growing body of experimental evidence to support the concept that antibiotic choice can, under carefully controlled conditions, influence both morbidity and mortality.
Antibiotic action on microbes in the host can result in the release of bacterial components that will trigger a host proinflammatory response (20, 32, 44 ; D. C. Morrison, Editorial, J. Endotoxin Res. 3:171, 1996). Correspondingly, ex vivo studies with whole blood indicate that both gram-positive and gramnegative bacteria killed by antibiotic can lead to increased levels of biologically active cytokines (14, 30, 36) . The relative impact of such host inflammatory responses is likely to depend on a number of variables, including the extent of microbe proliferation and the specific proinflammatory and anti-inflammatory responses that would be anticipated to be elicited from the host even in the absence of antibiotic treatment.
There is a general level of recognition that the proinflammatory mediator tumor necrosis factor alpha (TNF-␣) is a potentially important mediator of mortality in response to endotoxin and, perhaps more generally, following infection with virulent gram-negative bacteria (2, 43) . TNF-␣ also contributes significantly to multiple-organ failure, shock, and death resulting from challenge with purified gram-positive bacterial components (e.g., peptidoglycan), as well as with live or heat-killed gram-positive organisms (7, 10, 13, 19) . Conversely, the possibility exists that under some circumstances TNF-␣ will be beneficial to recovery from sepsis. In that regard, a recent clinical trial revealed a dose-dependent trend toward increased mortality upon TNF receptor-Fc fusion protein treatment of patients infected with gram-positive organisms. The same trend did not hold for patients infected with gram-negative organisms (12) .
Previous experiments from our laboratory have examined the TNF-␣ response from peritoneal exudate macrophages taken from CF-1 outbred mice and then cultured in vitro and stimulated with either paraformaldehyde-fixed Escherichia coli or paraformaldehyde-fixed Staphylococcus aureus. The results of these studies indicated markedly different levels of TNF-␣ released in vitro and, in particular, a significantly lower TNF-␣ response to S. aureus than to E. coli, even though in vivo S. aureus was more lethal than E. coli in terms of the dose of viable organisms required to elicit 50% mortality among normal, i.e., unsensitized, mice (40) .
The reversible hepatotoxin D-galactosamine is known to markedly sensitize animals to the adverse pathophysiologic consequences of TNF-␣ (15, 16) . Conversely, in mice genetically transformed so that TNF-␣ function is lost due to absence of TNF-␣ itself (25) or of TNF-␣ receptors (35) (knockout mice), D-galactosamine does not play a critical role in mortality. In our own published studies, D-galactosamine was found to sensitize mice to lethal infection with viable S. aureus by fivefold. By contrast, with live E. coli infection, sensitization was 10,000-fold, comparable in degree to that seen in parallel experiments with E. coli lipopolysaccharide (40) . These results would, therefore, appear to be entirely consistent with those for in vitro TNF-␣ release, as described in the preceding paragraph. Importantly, however, and in seeming contrast to these findings, Freudenberg and Galanos (13) had earlier published studies showing that when dead (heat-killed) bacteria were injected into mice, D-galactosamine sensitized the mice to the S. aureus-mediated lethal response to a much greater extent (approximately 1,000-fold).
Such studies led us to hypothesize that significant differences in host response, as assessed by TNF-␣ levels, would be present in vivo following live E. coli versus S. aureus challenge of normal mice and that killing of the bacteria in vivo would lead to significant differences in the appearance of TNF-␣ in the circulation following bacterial challenge. As a correlative index of early host inflammatory responses, parallel studies to examine leukocyte-endothelial cell adhesive interactions would be expected to reveal parallel definable host pathophysiological manifestations in response to viable versus killed S. aureus. In addition to these differential responses that would be anticipated with normal animals, we further hypothesized that these differences might be reflected in differences in the survival of TNF-␣-hypersensitive mice (e.g., D-galactosamine-treated mice) in the presence of appropriate antibiotic chemotherapy. The studies reported here are fully supportive of these anticipated findings.
MATERIALS AND METHODS
Animals. All animals were housed in the Association for Assessment and Accreditation of Laboratory Animals Care, Inc.-accredited animal care facility at the University of Kansas Medical Center and provided with nonsterile laboratory chow (Harlan Teklab, Madison, Wis.) and water ad libitum. All procedures were performed with the approval of the Institutional Animal Care and Use Committee following guidelines provided by the U.S. Public Health Service. Female CF-1 outbred mice aged 9 to 11 weeks were obtained from Harlan Sprague Dawley, Inc., Indianapolis, Ind., or Charles River Laboratories, Wilmington, Mass. Sprague-Dawley male rats, weighing 250 to 300 g, were purchased from Harlan Sprague Dawley, Inc. All the animals were allowed to acclimate to the laboratory for a minimum of 5 to 7 days prior to initiation of experiments.
Bacteria. E. coli O111:B4 was the gift of List Biological Laboratories, Campbell, Calif.; S. aureus M was a gift from Chia Y. Lee, Department of Microbiology, Molecular Genetics, and Immunology, Kansas University Medical Center.
Bacterial growth. Bacterial growth in liquid culture was initiated by picking several colonies from a streaked plate of E. coli grown overnight on MacConkey agar or of S. aureus grown on Trypticase soy agar. Bacteria were inoculated into 1 to 2 ml of Trypticase soy broth in a 10-ml culture tube and aerated by mechanical shaking overnight at 37°C. A 1.0-ml volume of the overnight culture was subcultured in 50 to 100 ml of Trypticase soy broth and grown with aeration until mid-log phase as monitored by light scattering at 660 nm. Final concentrations were then achieved by suitable dilution, depending on the requirements for a particular experiment. Pyrogen-free saline (Baxter Healthcare, Deerfield, Ill.) was used as a diluent in the preparation of all final microbe suspensions used for administration in the in vivo experiments. (ii) In vivo. Mice were treated concomitantly with bacteria and either antibiotic or saline vehicle in separate intraperitoneal injections at the beginning of all the experiments. At different times following infection, animals were euthanized by cervical dislocation to assess antibiotic antimicrobial efficacy. A 5-ml volume of normal saline was rapidly injected into the peritoneum followed by immediate lavage. The resulting exudate fluid was harvested and serially diluted into sterile saline in culture tubes, and 10-l samples were micropipetted into Trypticase soy agar plates, incubated overnight at 37°C, and quantitated for viable CFU.
TNF-␣ levels in serum. To assess circulating levels of TNF-␣ following the initiation of infection with or without antibiotic chemotherapy, trunk blood was collected at various times by decapitation. Whole blood was allowed to clot at 37°C for 15 min, and serum was then separated by centrifugation at 2,000 ϫ g for 10 min at 4°C. Aliquots of serum were stored at Ϫ70°C until assays for TNF-␣ could be performed. For TNF-␣ determinations, thawed aliquots were diluted in RPMI 1640 medium with 10% fetal calf serum and added to 96-well tissue culture plates (Costar Corp., Cambridge, Mass.) containing 5 ϫ 10 4 transformed L929 mouse fibroblasts that had been previously treated for 2 h with 5 mg of actinomycin D (Merck & Co.) per ml. The L929 cells were then incubated at 37°C in a 5% CO 2 incubator for 24 h and washed twice with RPMI 1640 medium without phenol red, and TNF-␣ dependent cytotoxicity was assayed with thiazolyl blue (MTT) (Sigma Chemical Co., St. Louis, Mo.) (28) . The detection limit of this assay is 1.95 pg/ml using recombinant mouse TNF-␣ (purchased from R&D Systems, Inc., Minneapolis, Minn.) as a standard. In some experiments, the results of the above cytotoxicity assays were confirmed by quantitative enzymelinked immunosorbent assay (ELISA) using Duoset kit reagents supplied by R&D Systems, Inc., as recommended by the manufacturer.
Mouse mortality studies. The experimental conditions for antibiotic or saline vehicle administration following infection were the same as those for determination of the TNF-␣ levels in serum. The dose of imipenem was 20 mg/kg administered in a volume of 0.2 ml. Injection was intraperitoneal (i.p.) and was performed concurrently with i.p. injection of bacteria. Administration of bacteria was exactly the same as for the mice used for TNF-␣ determinations in serum, except that 3 to 4 orders of magnitude (logarithmically graded) doses of bacteria were used, in serial dilutions, to assess lethal sensitivity over a period of 72 h postinfection. By 48 to 72 h, no further significant changes in mortality were anticipated or observed. The 50% lethal doses (LD 50 ) were determined by the method described by Reed and Muench (33) , with cumulative data from at least two separate experiments, four to six mice per datum point per experiment, used to determine the final values. For some experiments, 800 mg of D-galactosamine (Sigma Chemical Co.) per kg was also administered to mice along with the bacteria in the same injection. In such experiments, the D-galactosamine was first dissolved in phosphate-buffered saline, made fresh immediately before use from the sodium salts. The bacteria at the desired number of CFU were then suspended in the buffered solution containing D-galactosamine just prior to i.p. administration.
Leukocyte-endothelial cell adhesive interactions. As a second experimental model to investigate the effects of antibiotic chemotherapy on the host inflammatory response in otherwise normal animals challenged with bacteria, leukocyte-endothelial cell interactions in the mesenteric microcirculation of rats were examined using intravital microscopy. The same reagents as those in the mouse studies, prepared in the same way and at comparable doses on a per weight basis, were used.
(i) Surgical preparation for intravital microscopy. After an overnight fast, rats were anesthetized by intramuscular injection of 1.5 g of urethane per kg. During all procedures, the body temperature was maintained at 36 to 38°C using a homothermic blanket system (Harvard Apparatus, Natick, Mass.) connected to an intrarectal temperature probe. Polyethylene cannulas (PE-50) were inserted into the jugular vein and carotid artery. Blood pressure was continuously monitored using the carotid artery cannula connected to a digital pressure monitor (Micro-Med, Inc., Louisville, Ky.). Bacteria, and imipenem or saline vehicle, were injected via the jugula vein cannula.
An electrocautery was used to make an approximately 1-in. incision along the abdominal midline, and the animal was then positioned on a Plexiglas sheet on top of the stage of a Zeiss Axiovert inverted microscope. A section of the small intestine was carefully removed from the abdomen and positioned over a section of a coverslip in the Plexiglas sheet. The mesentery was bathed (superfused) with bicarbonate-buffered saline at 37°C, at a rate of 0.5 ml per min, and aerated with 95% N 2 -5% CO 2 to prevent tissue drying. Images of mesenteric venules (40ϫ objective, 10ϫ eyepiece) were recorded on a videocassette recorder with a time-date generator and using a color video camera (Panasonic Corp., Cypress, Calif.).
(ii) Venular wall shear rate. Venular diameter was measured using a video caliper (Microcirculation Research Institute, College Station, Tex.) either directly on-line or off-line during playback of videotapes. An optical Doppler velocimeter, also obtained from Microcirculation Research Institute, was used to measure the centerline red blood cell velocity in venules. The average red blood cell velocity was calculated as centerline velocity Ϭ 1.6 (9) . The wall shear rate, which represents the physical force generated at the vessel wall due to movement of blood, was calculated as 8 ϫ (average red blood cell velocity Ϭ venular diameter) (21).
(iii) Leukocyte rolling, adherence, and emigration. After a 30-min initial stabilization period, mesenteric venules were selected for experiments based on the following important criteria: unbranched vessels of at least 100 m, a diameter of approximately 25 to 40 m, and fewer than three adherent leukocytes within a 100-m segment of the venule during the control period of evaluation. These venules were observed for two fixed control periods, with fixed intervening periods. The maximum time for this phase of the experiment was 35 min (10, 15, and 10 min each). Adhesive interactions of leukocytes with mesenteric venules were subsequently measured during 10-min periods at various times throughout each experiment. The average rolling velocity of leukocytes along the venular endothelium was calculated by measuring the time required for a given leukocyte to move along the vessel wall between two points 50 m apart. This distance was accurately determined using a stage micrometer (Fine Science Tools, Inc., Foster City, Calif.). Rolling velocities were measured for one leukocyte during each 1 min of the 10-min observation periods, and average values were then calculated. The total number of adherent leukocytes was also determined during off-line analysis, by quantitating the leukocytes remaining stationary for periods longer than 30 s (24, 45) . Leukocyte emigration was expressed as the number of leukocytes surrounding the venule after correcting for any leukocytes within the examination region at the start of an experiment (47) .
Statistics. The TNF-␣ level in serum, venular diameter, leukocyte adherence, rolling velocity, emigration, and venular shear rate data are presented as means Ϯ standard errors of the means (SEM), with differences between groups assessed for significance by the Student paired t test method (6) . Differences in mortality were compared using the Fisher exact probability test (37) . With each statistical method, a calculated P value of Ͻ0.05 was considered significant.
RESULTS
Efficacy of imipenem killing of S. aureus and of E. coli following experimental mouse peritoneal infection. We first undertook control studies to establish that the antibiotic imipenem was effective in reducing the levels of viable bacteria in vivo following administration to CF-1 mice. For these experiments, mice were given either E. coli or S. aureus, and CFU were recovered from peritoneal lavage fluids and quantitated over the 4 h following each bacterial challenge with imipenem or vehicle control. Preliminary determinations of the susceptibility of S. aureus and E. coli to imipenem in vitro confirmed that this antibiotic's broad-spectrum efficacy extends to these two bacterial strains. Its MICs, using the E-test method, were established to be 0.032 and 0.125 g/ml, respectively. The results of one representative experiment of the subsequent in vivo studies are shown in Fig. 1 . As evident from the CFU data presented, imipenem at 20 mg/kg dramatically reduced the level of viable bacteria in the peritoneal cavity within 1 h. With E. coli, the reduction was to 0.002% viable bacteria, from 6.5 ϫ 10 8 to 1.3 ϫ 10 4 CFU; with S. aureus, the corresponding reduction was to 0.4%, from 1.6 ϫ 10 8 to 6.7 ϫ 10 5 CFU. Further reductions to Ͻ0.01% of controls were routinely observed over the 4 h of this study. Control (no antibiotic) data showed, if anything, a modest increase in CFU. At 18 to 24 h, microbes continued to proliferate in saline vehicle-treated mice whereas the corresponding levels of bacteria recovered in peritoneum lavage of experimental animals treated with imipenem were essentially undetectable (data not shown).
Profiles of TNF-␣ in serum following challenge with live S. aureus or live E. coli. There have been strong suggestions from a number of experimental models of lipopolysaccharide and bacterial lethality that the proinflammatory cytokine TNF-␣ is a key mediator in the host response. To assess the relative levels of circulating TNF-␣ in CF-1 mice infected with either E. coli or S. aureus, the appearance of TNF-␣ in the circulation was monitored over time following live bacterial challenge. TNF-␣ profiles in serum for mice challenged with these bacteria showed a fundamental difference in response kinetics (Fig. 2) . With S. aureus challenge, the rise in the TNF-␣ level in serum occurred later, at times when the TNF-␣ levels in serum following E. coli challenge not only had peaked but also had returned to levels indistinguishable from those in controls.
Effect of imipenem or ceftazidime on TNF-␣ profiles with S. aureus or with E. coli. Differences in host inflammatory response to antibiotic chemotherapy of bacterial infection con- or with E. coli, reveal additional distinctive differences in circulating TNF-␣ levels (Fig. 3) . Against S. aureus, imipenem had the effect of altering the host TNF-␣ response quantitatively and temporally (Fig. 3A) . In contrast, it did neither with regard to the host response to E. coli (Fig. 3B ) despite the effectiveness of this broad-spectrum antibiotic against both bacteria. The conditions of challenge with each of the bacteria are the same as described for Fig. 1 . With imipenem chemotherapy for S. aureus infection, a new and significant TNF-␣ peak, at least 2 ng/ml in magnitude, appeared in CF-1 mice between 1 and 2 h after challenge. In addition, the late rise in the TNF-␣ level that would otherwise have reached at least 30 ng/ml was no longer apparent. Similar profiles to those seen with imipenem were also apparent upon comparable therapeutic treatment with ceftazidime and also when the mice were made sensitive to TNF-␣ by treatment with D-galactosamine (data not shown). In the absence of bacteria, it was confirmed that there was no detectable TNF-␣ response in serum from each of these antibiotics alone. Mortality of normal mice as a result of S. aureus or E. coli challenge. The data summarized in the previous sections have established that significant temporal differences in circulating levels of TNF-␣ exist following challenge by E. coli versus S. aureus. Further, the TNF-␣ profile associated with the S. aureus but not with the E. coli challenge is markedly influenced by treatment with the antibiotic imipenem or ceftazidime. Inasmuch as TNF-␣ has been strongly implicated as an important proinflammatory cytokine in the pathogenesis of sepsis, we therefore tested for correlations between these differences in TNF-␣ response in serum and differences in lethal outcome. For such studies, the same conditions of bacterial challenge and antibiotic treatment were maintained as described above and mortality was assessed at 72 h. The results of these studies are summarized in Table 1 . They indicate, as expected, that the antibiotic chemotherapy confers marked protection against the lethal effects of S. aureus infection. S. aureus at a dose of 10 6 CFU, plus saline vehicle in place of antibiotic, was lethal to 8 of 11 infected mice. In contrast, infection of mice with S. aureus plus imipenem resulted in 100% survival at 10 8 CFU and in only 5 deaths in 11 mice at 10 9 CFU, reflecting an approximate 2,000-fold level of protection.
Following infection with E. coli, there were no deaths (0 of 12) at 10 6 CFU, 7 deaths in 12 mice at 10 7 CFU, and 12 deaths in 12 mice at 10 8 CFU. With E. coli plus imipenem, there were no deaths in 16 mice at 10 8 CFU and 7 deaths in 8 mice at 10 9 CFU, corresponding to 90-fold protection resulting from the antibiotic treatment (Table 1) . Mortality from S. aureus in TNF-␣ sensitized mice. To test whether a correlation with mortality could also be discerned in association with the smaller and earlier TNF-␣ response (Fig.  3A, inset) a model of acute and early TNF-␣ lethal hypersensitivity (mediated by D-galactosamine) was used. For these studies the D-galactosamine was added with the bacteria and at a dose that our studies (1, 18, 38, 40, 41) and studies from other laboratories (5, 11, 13, 15, 23, 25, 26, 35, 42) have shown to markedly sensitize mice toward the harmful effects of TNF-␣, if appearing in the circulation within 2 to 3 h after D-galactosamine administration. Earlier studies from our laboratory had shown only a 5-fold difference in mortality from S. aureus infection (compared to 10,000-fold from E. coli) with and without D-galactosamine (40) . Using the same model as previously (40) but with the added feature of imipenem treatment, 6 of 10 and 11 of 12 mice died after infection with 10 7 and 10 8 CFU of S. aureus, respectively. This corresponds to 70-fold protection by imipenem (Table 1) , much less than the 2,000-fold seen for normal mice (Table 1 ). These findings suggest that the appearance of the earlier TNF-␣ peak in serum elicited by the imipenem treatment may, in fact, have proven particularly detri- mental to the TNF-␣-sensitized mice. Such a possibility was tested directly with neutralizing anti-TNF-␣ antibody raised in rabbits. With control rabbit serum, 2 of 5 and 5 of 5 mice died after infection with 10 7 and 10 8 CFU of S. aureus, respectively, in this TNF-␣ sensitivity model. Replacement of control serum with corresponding anti-TNF-␣ antiserum resulted in no deaths among the five animals challenged with each of the same bacterial doses. Therefore, we conclude that the early and singular TNF-␣ peak associated with the imipenem chemotherapy in S. aureus-infected mice had contributed to mortality in this model. E. coli lethality in normal versus TNF-␣ sensitized mice. With E. coli, and in the absence of antibiotic, D-galactosamine sensitized by approximately 4 orders of magnitude, reducing the LD 50 from 7 ϫ 10 6 to 1 ϫ 10 3 CFU. When imipenem treatment was added, a similar increase in the magnitude of sensitization due to D-galactosamine was again evident, with a reduction in LD 50 from 6 ϫ 10 8 to 4 ϫ 10 4 CFU (Table 1) . This marked but parallel degree of sensitization to D-galactosamine remained consistent not only with an important role for TNF-␣ in mediating E. coli lethality but also with the inability of the imipenem treatment to alter circulating TNF-␣ levels. The imipenem protective efficacy of 90-and 40-fold with and without the D-galactosamine treatment, respectively (Table 1) , is based on its antibacterial effect and/or, possibly, on modulation of other potential mediators.
Effects of dexamethasone on mortality in TNF-␣ sensitized mice. As an alternative experimental approach to further explore the concept that the TNF-␣ peak level elicited by S. aureus plus imipenem may have proven detrimental to survival in D-galactosamine-treated mice, 4 mg of dexamethasone was administered at the time of challenge. In that regard, we had earlier provided data to show that, importantly, in the absence of antibiotic treatment, dexamethasone was ineffective at protecting either normal or D-galactosamine-treated mice against lethal S. aureus infection (40) , with even a hint of a slightly increased mortality with dexamethasone (Table 1) . With the addition of imipenem treatment, dexamethasone was now found to be dramatically beneficial for survival in the D-galactosamine model, raising the total level of protection from 70-fold to almost 14,000-fold (Table 1) . Thus, there were only 4 deaths in 16 mice (25%) at 10 8 CFU and only 4 deaths in 10 mice (40%) at 10 9 CFU of S. aureus. We conclude that (i) the marked protection by dexamethasone is directly linked to the effects of the imipenem and (ii) such protection, as well as that provided by anti-TNF-␣ antibody, may have more immediately resulted from the ability to eliminate or neutralize the TNF-␣ peak in serum that would otherwise have become manifest 1 to 3 h following S. aureus challenge plus imipenem (or ceftazidime [data not shown]). In accord with this view, we were able to show that dexamethasone completely abrogated the appearance of this early TNF-␣ peak. With the addition of the dexamethasone treatment, the TNF-␣ level in serum elicited from S. aureus plus imipenem at 2 h, for example, was reduced in normal mice from 2,410 Ϯ 251 to 9 Ϯ 2 pg/ml (P Ͻ 0.005). In contrast, the fact that imipenem does not alter the TNF-␣ response to E. coli (Fig. 3B ) is entirely consistent with the finding that dexamethasone protection against E. coli, even in the TNF-␣-sensitized mouse model and unlike that against S. aureus, was not enhanced by the antibiotic treatment. In fact, it appears to have been slightly reduced, from 40-to 12-fold, in contrast to the increase in protection from 70-to 14,000-fold against S. aureus (Table 1) .
Leukocyte-endothelial cell adhesive interactions. Thus far, we have focused on differences in TNF-␣ profiles in serum and corresponding changes in lethal outcomes. In this regard, S. aureus-infected mice treated with antibiotic were found to elicit an early TNF-␣ response that was not seen in the absence of the antibiotic treatment. Collectively, several pieces of independent evidence demonstrate that this early TNF-␣ peak is associated with decreased survival in TNF-␣ sensitized animals. To test whether the same antibiotic treatment may also lead to pathophysiological consequences even in normal animals, we used rat mesenteric intravital microscopy to probe for changes in leukocyte adhesion in the circulation as an index of inflammation.
Leukocyte adhesion can be dissected into at least three phases that may be quantitated and statistically evaluated: decreased rolling velocity, increased adherence, and emigration. Figure 4 illustrates photographically the profound differences in the microvasculature 3 h after infection with S. aureus with and without concurrent imipenem chemotherapy. It is evident that by that time the imipenem treatment had resulted in increased leukocyte-endothelial cell adhesive interactions, as shown in the representative photographs. Each of the panels of (Fig. 5A ) was monitored as an internal control. Imipenem, of itself, elicited no evidence of leukocyte-endothelial cell adhesive interactions. There was no statistically significant difference in venular diameter between the two groups of rats: S. aureus plus saline, 30.4 Ϯ 2.5 m; S. aureus plus imipenem, 27.4 Ϯ 2.6 m (P ϭ 0.42; n ϭ 5 per group; data are means Ϯ SEM; Student's paired t test method) (6) .
As shown by the data in Fig. 5A , the average venular shear rate did not change throughout the 3-h monitoring period, nor a Mice were treated with bacteria immediately preceded by a separate i.p. injection of 20 mg of imipenem per kg saline vehicle (0.2 ml). In some experiments, as shown, mice were also subjected at the time of challenge to i.p. injection of 4 mg of dexamethasone per kg. Mortality was scored at 72 h.
b With E. coli plus dexamethasone plus imipenem, the effect of dexamethasone was to decrease protection by threefold (data not shown).
was it significantly altered by the imipenem treatment. Shear rate allows an estimation of the overall physical forces that are generated at the vessel wall due to the movement of blood and that counteract leukocyte adhesion. The fact that there were no differences in shear rate between groups is consistent with the conclusion that this factor could not account for any observed differences in leukocyte-endothelial cell adhesive interactions. The microvascular inflammatory changes illustrated in Fig. 5B to D show the results of further evaluation of changes in leukocyte circulatory velocity with concomitant interaction with the microvascular wall, i.e., leukocyte rolling velocity (Fig.  5B) , leukocyte adherence to the vascular wall (Fig. 5C) , and leukocyte emigration across the wall (Fig. 5D) . The data shown in Fig. 5B demonstrate that when the microvasculature of imipenem-or saline vehicle-treated rats challenged with S. aureus is assessed for variations in rolling velocity, decreases are readily seen throughout the 3-h period compared to initial values. By 2 h, the differences between the two groups became statistically significant. Differences in the extent of leukocyte adherence also became statistically significant with and without the antibiotic chemotherapy by 2 h (Fig. 5C ). The differences with respect to leukocyte emigration were the most pronounced, since even by 1 h there was significant emigration through the endothelium in the imipenem-treated, S. aureuschallenged animals both in comparison to initial time and with respect to the control group. Such differences become even more pronounced by 2 and 3 h (Fig. 5D) , as is also seen dramatically in Fig. 4 . Leukocyte emigration in the control group, by contrast, did not become significant until the 3-h time point, reaching approximately the same magnitude by that time as was seen in the S. aureus-plus-imipenem treated group at 1 h (approximately four per field). These various changes in leukocyte adhesion, taken individually or collectively, provide a second and independent indication that imipenem treatment for S. aureus infection can lead to a distinctive, early, and potentially detrimental inflammatory response that is far more pronounced than that seen during the same time frame in the absence of the antibiotic treatment.
DISCUSSION
The data presented in this paper document that the production of the proinflammatory mediator TNF-␣ is critically dependent not only upon the microbe used to establish the experimental infection but also upon the therapeutic intervention used to treat the infection. Imipenem or ceftazidime chemotherapy of S. aureus had the effect of altering the host TNF-␣ response quantitatively and temporally. These antibiotics did neither, in contrast to the host TNF-␣ response to E. coli. The appearance of an early TNF-␣ peak associated with imipenem or ceftazidime treatment of S. aureus had a detrimental effect on survival in D-galactosamine-treated mice. This was evident not only from a reduction in protective efficacy of each of these antibiotics in this model but also from the concomitant protective efficacy of either anti-TNF-␣ neutralizing antibody or dexamethasone therapy. In normal mice, however, the efficacy of these antibiotics against S. aureus was much greater, even without the dexamethasone treatment. Moreover, dexamethasone not only did not protect but also appeared to have a slightly adverse effect on survival, suggesting a possibly beneficial aspect to the early and relatively small TNF-␣ peak that had been abrogated by the dexamethasone treatment.
We found that microvascular inflammatory responses to S. aureus developed more rapidly in imipenem-treated than in saline-treated animals. These responses included a larger reduction in leukocyte rolling velocity and increased numbers of adherent and emigrated leukocytes. An important point is that the antibiotic treatment increased leukocyte-endothelial cell adhesive interactions without a decrease in shear rate. Since this physical force opposes leukocyte-endothelial cell adhesion, our results suggest that the action of imipenem against S. aureus enhances proadhesive responses on either endothelial cells, circulating leukocytes, or both. A potential mechanism is suggested by our observation of an earlier and larger increase in the level of circulating TNF-␣ in animals given both agents. TNF-␣ is known to increase selectin expression on endothelial cells (34) , which could account for a reduction in leukocyte rolling velocity. Furthermore, TNF-␣ promotes leukocyte adherence within the mesenteric circulation (8) . Future studies are needed to establish whether the early increase in TNF-␣ levels in serum brought about by the antibiotic treatment and the microvascular responses are causally interrelated.
While the differences in the profiles of TNF-␣ in serum between E. coli-and S. aureus-infected animals correlate with the observed differences in mortality in the D-galactosamine model (40) (Table 1) , they also raise the question of whether Finally, there is increasing concern about possibly important differences in host inflammatory responses to sepsis due to gram-positive versus gram-negative bacteria (11, 17, 32) , including recent reexamination of the scope and limitation of glucocorticoids to address such concerns (3, 27, 39, 40, 46 ; D. G. Remick, Editorial, Shock 8:146, 1997). The present findings contribute to our growing knowledge base of differences in host responses to different classes of bacteria and the still further differences resulting from specific antibiotic chemotherapy and, ultimately, should lead to greater harmony between complementary modes of anti-inflammatory and antibiotic intervention strategies.
